We investigated X-ray-inducible proteins that may be related to the death of MOLT-4 cells. We here describe a 41 kDa X-ray-induced protein detected by 2D-PAGE. Further studies indicated that this protein is identical to the human set gene 5) product , whose translocation was found in a case of acute undifferentiated leukemia.
MATERIALS AND METHODS
Cell culture. MOLT-4, human T-cell leukemia cells were cultured in RPMI 1640 medium (GIBCO, Grand Island, NY, USA) supplemented with 10% bovine calf serum (Hyclone, UT, USA) at 37°C in humidified air containing 5% C02. X-irradiation. Cells were irradiated in 25 cm 2 Falcon flasks (Becton Dickinson, Franklin Lakes, NJ, USA) by a SHT250M (Shimadzu Co. Ltd, Kyoto, Japan) at 1.4 Gy/min (operated at 200 kV, 20 mA, with filters of 0.5 mm Cu and 1.0 mm Al). Two dimensional polyacrylamide gel electrophoresis. 2D-PAGE was performed by O'Farrell's method 6) with minor modifications. Briefly, 106 cells were collected and washed twice with PBS by centrifugation, then lysed in a solution containing 9.5 M Urea and 2% NP-40 buffered with 3% Ampholine(pH 5-7) and 1% Ampholine (pH 3.5-10) (Pharmacia, Uppsala Sweden). The lysates were applied to rod gels (35 mm X 0.8 mm) containing 9.2 M Urea, 2% NP-40 , 4% acrylamide, and 4% ampholytes (Ampholine pH 3.5-10/5-7 = 1: 4). The second dimensional electrophoresis was done in 100 mm X 100 mm X 1 mm slab gels with 10% polyacrylamide? and molecular mass markers (Combithek calibration proteins from Boehringer Mannheim , Man nheim, Germany). Gel staining. Gels were stained with CBB (25% isopropanol, 10% acetic acid, 0.025% Coomassie Brilliant Blue-R), or silver using minor modification of Oakley's method 8) . They were washed with 50% methanol, 10% acetic acid for one hour, then soaked in 10% glutaral dehyde for 30 minutes, and washed three times with milli-Q water (Nihon Millipore Ltd, Tokyo, Japan). After silver staining for 15 min the gels were washed and developed with 0.019% formaldehyde and 0.005% citric acid then fixed and washed with Fuji Fix and water. Microsequencing. The protein spots of 108 cells were excised from the CBB-stained 2D-PAGE then washed twice with 25% isopropanol for 10 min, once with 10% methanol for 10 min, once with milli-Q water, and lastly with 10 mM phosphate buffer pH 8.5. The gel pieces next were mashed and digested at 37°C with 100,ul of 20,ug/ml Lys-C (Boehringer Mannheim, Mannheim, Germany) in digestion buffer (25 mM Tris-HC1, 1 mM EDTA, pH 8.5) for 18 hrs. The digested peptide fragments were purified by reverse phase HPLC (JASCO Co., Tokyo, Japan) then sequenced in an automatic peptide sequencer (Type PSQ-1, Shimadzu Co. Ltd, Kyoto, Japan). GenBank data base was searched for the obtained sequences. Production of rabbit polyclonal antibody. Synthetic peptides produced by a MilliGen 9020 peptide synthesizer (Burlington, MA, USA) were removed from the resin with 100% trifluoroacetic acid and purified by reverse phase HPLC. The sequences of the synthesized peptides were examined by the automatic Edman method. Six milligrams of the synthesized peptides was conjugated with 5 mg of keyhole limpet hemocyanin (Calbiochem, La Jolla, CA, USA) with glutaraldehyde. A rabbit was immunized by injecting it three times, every other week, with a 2 ml emulsion containing 2 mg antigen in complete Freund's adjuvant (DIFCO, Detroit, MI, USA). The antiserum was titrated against the peptide by ELISA. Western Blotting. Second-dimensional electrophoresed slab gels were soaked in a solution containing 0.1 M Tris, 0.192 M glycine, and 5% methanol for 10 min, after which the proteins were transferred to a polyvinilyden difluoride membrane (Immobilon, Millipore Corp., Bedford, MA, USA) for 60 min using a semidry electro-transfer device (Type AE-6675, ATTO, Tokyo, Japan). The membrane was washed with TBST (0.02 M Tris-HCl pH. 7.5, 0.015 M NaCI, 0.02% Tween-20), and blocking buffer containing 1% BSA (Wako, Osaka, Japan) then incubated successively with anti-p 41 antiserum (1: 400 dilution) for 2 hrs and horse radish peroxidase conjugated swine anti-rabbit antibody (DAKO Japan, Kyoto, Japan) for 1 hour at room temperature. The immunoreacted proteins were made visible by KONICA Immunostain ing HRP-1000 (KONICA, Tokyo, Japan). In the Fig. 1 experiments, MOLT-4 cells were irradiated with 10 Gy of X-rays, incubated for 12 hrs at 37°C, then collected and lysed. The lysates were subjected to 2D-PAGE, after which the gels were stained with silver. The X-ray-induced proteins were investigated in a PDI image analyzer (Toyobo, Tokyo, Japan). A spot for p 41 in the acidic region (pI = 4.0) was detected only in X-irradiated cells.
The time course and dose response of p 41 induction after the 10 Gy irradiation were quantified on the silver-stained gels as the ratios against an actin spot (Fig. 2a, b) . The p 41 spot appeared at 4 hrs and reached a maximum by 10 hrs (Fig. 2a) . The dose response curve shows the amount of p 41 roughly increased with the absorbed radiation dose. Additional labelling experiments done with 35S-amino acids (Tran 35S-label, 1.85 MBq/ml; ICN, Costa Mesa, CA, USA) for 4 hrs at 37°C starting 2 hrs after 10 Gy irradiation, and followed by 2D-PAGE silver staining and analysis in a radioactivity imaging analyzer (BAS 2000, Fuji Photofilm Co. Ltd., Tokyo, Japan) showed that there was no radioactivity in the p 41 spot, despite of its appearance on the silver-stained gel ; whereas there was in p 42 as well as in many of the other protein spots (data not shown). This suggests that p 41 is not a newly synthesized protein.
In contrast, when cells were pre-labeled with 35S for 4 hrs prior to 10
Gy-irradiation, then incubated for 12 hrs post-irradiation, radioactivity was present both in p 41
and p 42, indicative of a shift of radioactivity from p 42 to the p 41 spot. Further studies showed that 10 ,aM of cycloheximide (Sigma, Chicago, IL, USA) added immediately after 10 Gy irradiation, and followed by 12 hrs of incubation, did not suppress the appearance of p 41, whereas the synthesis of many other proteins, including p 42, was inhibited as revealed by 35S incorporation (data not shown). In contrast, p 41 synthesis was inhibited by sodium orthovanadate (Wako, Osaka, Japan), an inhibitor of tyrosine phosphatase, when it was added after irradiation at a concentration of 0.2 to 2 mM (Fig. 3) .
Microsequencing of p 41
About 108 MOLT-4 cells were collected and subjected to preparative 2D-PAGE 12 hrs after 10 Gy irradiation. More than 100 gels were stained with CBB, and the spots excised as gel pieces. The protein was digested with Lys-C and peptide fragments were purified by reverse phase HPLC. Two of the purified peptide fragments were microsequenced. One of these had 26 amino acids which were considered 100% identical with part of the set gene product. The other peptide (19 amino acids) also had 100% identical sequence with part of the set gene product (Fig. 4) . These results strongly suggest that radiation-induced p 41 is a set gene product. Fig. 4 . The comparison of the amino acid sequences of the two peptides obtained by the partial digestion of p 41 (bold type) and the sequence of the set gene product5). The letter X denotes a residue that was not identified by the method used. The peptide of the underlined sequence was synthesized and used as the antigen preparation to raise antibodies.
Polyclonal antibody and Western blotting An oligopeptide of 15 amino acids (underlined in Fig. 4 ) was synthesized and conjugated with keyhole limpet hemocyanin. A rabbit was immunized as described in Materials and Methods, and its serum tested by ELISA for specificity and titer. The antiserum reacted strongly with synthetic peptide but not with bovine serum albumin. Western blotting done with the antiserum is shown in Fig. 5 . In the X-irradiated cells p 42, in addition to p 41, was detected, whereas in the unirradiated control cells only p 42 was present.
The time course of p 41 induction using Western blotting was investigated by collecting and analyzing the MOLT-4 cells at 0, 3, 6, 9, 12 hrs after the 10 Gy irradiation. p 41 was detectable 6 hrs after irradiation, accumulating with time and reaching a plateau by 9 hrs (Fig. 6a) .
The induction of p 41 on Western blots analyzed 12 hrs after irradiation by 1, 2, 5, or 10 Gy was roughly dose dependent (Fig. 6b) . Results for the silver-stained gels and Western blots for the time course and dose dependence of p 41 agreed. As shown by microsequencing, the p 41 very likely is a set gene product. This protein is very acidic (pI = 4.0). The set gene product reportedly is located predominantly in the nucleus9,10 The subcellular fractionation we obtained by centrifugation prior to X-irradiation showed that p 41 in both the nuclear and cytoplasmic fractions (data not shown). The reason for the difference in location is not clear. It may be due to the methods and/or cells used.
In acute undifferentiated leukemia the set gene is fused with the can gene, and is located on chromosome 9q34, centromeric of c-ably. The set product consists of 277 amino acids with an acidic domain at its C-terminal and has a predicted molecular mass of 32 kDa ; whereas, the set-can fusion protein has a molecular mass of 155 kDa5). The molecular mass difference between p 41 and p 42 found in our study and the predicted molecular mass of 32 kDa for the set protein may be due to additional polysaccharides9)) p 41 is considered not to be the result of generalized protein degradation because of the following evidence : First, Fig. 1 and many other experiments have shown that other protein spots remain intact for more than 12 hrs after a 10 Gy irradiation, which suggests that general ized protein degradation had not yet occurred under the experimental conditions used. Second, p 41 induction occurred somewhat ahead of cell death, as determined by the dye exclusion test (unpublished data), but its role in cell death remains to be clarified. Third, other agents, including heat, a 12C beam (obtained from the HIMAC accelerator at the National Institute of Radiological Sciences), Bleomycin, Mitomycin C, hydrocortisone, and tumor necrosis factor show similar killing effects, but only Bleomycin and the 12C beam could induce p 41 (unpub lished results).
Western blotting using antiserum against a partial peptide of p 41 showed both p 41 and p 42. p 42 was present in both the irradiated and unirradiated control cells, whereas p 41 appeared after irradiation (Fig. 5 ). Results obtained with 35S-amino acids suggest that p 41 was not newly synthesized, rather it may be a derivative of p 42. Furthermore, p 41 induction was not inhibited by the protein synthesis inhibitor, cycloheximide, but was inhibited by the tyrosine phosphatase inhibitor, sodium orthovanadate. These results suggest that p 41 is not a newly synthesized protein, but p 42 modified by some unknown mechanism (s). As the set protein is phosphorylated at its Ser-9 and Ser-24 residues9'10), post-translational modification, such as phosphorylation/dephosphorylation, is a possibility. Mammalian cell gene expressions and signal transduction pathways can be modulated by ionizing radiation ' 1-19) . The expression of some DNA repair genes is induced by DNA damage [20] [21] [22] . There are reports concerned with radiosensitivity as related to radiation inducible genes19,20) Although some proteins are differently expressed in radioresistant and radiosensitive cell lines that originated from squamous cell carcinomas of the head and neck 19, 20) , the roles of these radiation-inducible transcripts in radiosensitivity and the cell death process has yet to be established.
The set gene and p 41 both have an acidic domain like that of topoisomerase I, the RAD-6
protein of yeast and c-Myc ; therefore, it may act in the regulation of DNA replication, the triggering process of DNA repair, or radiation-induced rapid cell death23-25>
